The Indonesian gravity field is neither accurately nor comprehensively determined, especially due to inadequacy of land gravity data. This study deals with determination of Indonesian land gravity and proposes the solution to data unavailability by means of a simulation technique. The simulation was carried out by combining short wavelength topographic effects from GTOPO30 and long wavelength information from EGM96. The simulated result was then compared with the observed gravity data. Over Java, Sumatra and Sulawesi islands, using three methods commonly used on the computation of topographic effect; topography, isostatic and RTM (Residual Terrain Model), it was estimated that error propagation by the GTOPO30 into the simulated gravity is about 4.5 to 11.7 mgal, with the RTM method was affected less than others. It was also shown that the simulated gravity from the RTM method gave the best agreement with STD (Standard Deviation) differences of 17 to 42 mgal compared to the observed data. This result was achieved after applying optimal RTM parameters over the Indonesian area: a reference field of 25 -27.5 and density of 2-2.2 gr/cm 3 . Compared to STD differences between EGM96 and observed data, that between the simulated gravity and observed data improved by 2.5-7 mgal, and gave more detailed gravity features, especially over areas of high topography.
Introduction
Numerous gravity field studies required the knowledge of the gravity field without gaps. In general, however, gravity measurements are only possible at discrete points, with large gaps between them. The availability of satellite altimeterderived gravity data in the last two decades offers a solution to the problem of data unavailability over most ocean areas, although the accuracy is still low due to uncertainty in the sea surface topography and poor modelled tides. Over the land, although several new observations have been carried out recently, the restriction in the coverage of land data still remains. Some large areas of the Earth are not measured at all because of physical or technical limitations. Such conditions become a limiting factor on the determination of reliable gravity fields of the area of interest. Hence, interpolation within the gravity and estimation of unknown short wavelength components of the fields become necessary.
The Indonesian archipelago is located between longitudes of 95
• E to 140
• E and latitudes of 12 • S to 10
• N in the one of the most geodynamic areas of the world and where the Pacific and Indian Oceans meet. Thus, it plays an important role on the geodynamic and oceanographic studies. However, due to the scarcity of the gravity data, especially over land areas, the gravity field of the area has not been accurately and comprehensively determined. At present, the Indonesian gravity field is derived from INDGRID96, the gridded free-air anomalies obtained during the SE-Asia gravity project (SEAGP), joint project between Getech and IndoneCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
sian Gravity Commision (KGN). However, its original data contain large data gaps especially over land areas of: Kalimatan, Sulawesi and Irian Jaya. The data gap was solved by interpolation the OSU91A global geopotential model (Kahar et al., 1997) . Moreover, the history of INDGRID96 is not clear, thus it is difficult to estimate the accuracy of the obtained gravity field (Prijatna, 1998) .
This paper discusses the derivation of the Indonesian land gravity map and the computation of simulated land gravity data as one solution to the unavalability of land gravity data. The simulation has been done by combining a short wavelength part of gravity obtained from computation of the gravity effect of topography using GTOPO30 data (USGS, 1996) and long wavelength information of gravity from EGM96 (Lemoine et al., 1997) . The reliability of the simulation was estimated by comparison with the available observed land gravity data. Before simulating the land gravity, several tests and preliminary studies were done. First the GTOPO30 was validated to establish its accuracy in the study area. Further, three methods (e.g. Omang and Forsberg, 2000) ; topography, isostatic and RTM (residual terrain model), were assessed to estimate the influence of GTOPO30 error on the simulation process and to find out the most suitable method for the simulation gravity computation over the study area. For the RTM computation method, several reference systems and densities were tested to find the optimal RTM parameters over the Indonesian area. Lastly, to obtain more a reliable gravity field over the area, the simulated gravity was combined with observed gravity and the resulting data set was called "combined gravity". Fig. 1 . The used data in this study over Java island: observed data distribution (above), EGM96 (middle) and GTOPO30 (bottom).
Data
In this study three kinds of data were used. First, 74208 co-located observed gravity and height data were used for comparison of gravity simulation results. These data are located over the three islands of Java, Sumatra and Sulawesi, where the coverage of observed data is relatively good and available for this study. In most cases, the data were observed after the 1960's. The heights were mainly established by means of conventional (spirit) leveling and barometricleveling (Getech, 1995) , while the rest were interpolated from the stations height or topographic maps at scale of at least 1:250.000 (Kearsley and Ahmad, 1994) . As for the gravity data, 45% in Java, 30% in Sumatra and all in Sulawesi are observed gravity data, while the remaining are Bouguer anomalies gravity interpolated from maps. The data were collected from several sources with purpose especially for geophysical explorations, and compiled during the SEAGP.
The next data are GTOPO30 and EGM96 for computation simulated gravity data. GTOPO30 is a global digital elevation model (DEM) with a horizontal grid spacing of 30 arc seconds (approximately 1 km). The source of data over Java and Sumatra are from a digital chart of the world (DWC) developed by NIMA (Nation of Imagery and Mapping Agency) on the 1:1.000.000-scale Operational Navigation Chart (ONC) with the primary contour interval of 1000 ft (305 m). On the other hand, the source of data over Sulawesi island is the Indonesian Army Map Services (AMS), which are paper maps at a scale of 1:1.000.000, digitized with the contour intervals of 100, 150, 300, and 500 m (USGS, 1996) . EGM96 is the most recent global geopotential model, with the data source of 30 × 30 interval mean average gravity anomaly (Lemoine et al., 1997) .
The absolute vertical accuracy of GTOPO30 varies by location according to the source data. The absolute vertical accuracy of the DCW, the vector source with the largest area of coverage, is stated in its product specification with RSME about 97 m, while the AMS is stated with RMSE of 152 m (USGS, 1996) . On the other hand, the accuracy of the observed height data was predicted to be less than 5 m, as they were mainly observed by levelling and barometric-levelling (Getech, 1995) . Compared to the GTOPO30 data, the observed height data still have better accuracy. Therefore, for the purpose of this study, it was used as control values in the GTOPO30 validation. Figure 1 shows the utilized data in this study over Java island: distribution of the observed data, EGM96 and GTOPO30.
Validation of GTOPO30
Two validation procedures were conducted: (1) histogrammic analysis of the GTOPO30 and the comparison to the observed data and, (2) statistical comparison with observed data on each island. For these purpose, the GTOPO30 data was interpolated on the area where the observed height data are available. The interpolation process was done using the "grdtrack" program from GMT (Wessel and Smith, 1991) utilizing the bicubic interpolation method. The differences between GTOPO30 and observed more than 3 times of STD were deleted. Finally the STD differences were computed from the remaining data.
The histogrammic analysis has been performed for two reasons: (1) to see if there is an error in the data and, (2) to understand the character of the data sources and the area. The histogram of the GTOPO30 data is shown in Fig. 2 . In this, Java and Sumatra showed a similar pattern, as they are derived from the same source, with a past drop occurring before 200 m and then prominent sharp spikes and broader peaks at approximately 300 m increments. This suggests a contour interval of 300 m in the data source, with subsidiary contour interval at lower elevations less than 200 m. Meanwhile, the histogram of Sulawesi data shows prominent sharp spikes and broader peaks at approximately 300 m and 500 m increments. This suggests a combination of contour values of 300 m and 500 m. These results are match to the contour interval used on deriving the GTOPO30 from its source data (USGS, 1996) , as mentioned in Section 2.
The statistical comparison of GTOPO30 with the observed data over the three islands can be seen in Table 1 . In this case, the observed data is assumed to be true, as it was estimated having accuracy higher than GTOPO30 data. The results show that STD difference over Java island is less compared to the others, suggesting better agreement between GTOPO30 and observed data in general over the area. However, the mean values of Java and Sulawesi islands were not close to zero, indicating there are biases in GTOPO30. The possible reason is that the data source of the GTOPO30 is from small-scale maps, with greater contour interval in increasing in the height. In fact, most of the compared data over these islands are also located over high topographic areas. Accordingly, it is not surprising that a bias occurred in areas of such rough topographic variation. In contrast, over Sumatra Island, comparison points were mainly located over relatively lower topographic areas; the average height of the compared points over Sumatra is 96 m, while in Java it is 140 m. Thus bias is much less here. For further computation, the bias was subtracted and utilized the bias subtracted GTOPO30 data for further computation. To give a clear image of the comparison between observed and GTOPO30 data, the histogram of the differences between them was derived and is shown in Fig. 3 . From the histogram, it can be seen that the distribution of the differences over Java and Sumatra islands are more normally distributed compared to the one over Sulawesi island, with the reason that it has being more accurate GTOPO30 data source, as mentioned in Section 2, and more homogeneous observed height data source, which mostly come from leveling and barometric-levelling data. On the other hand, the two peaks shown for the Sulawesi data due to its having the combination of two contour values and sparser contour interval corresponding with the increasing height in the GTOPO30 data source map, as mentioned above. Both the histogram in Fig. 3 and the Table 1 show that the topography of GTOPO30 is generally lower than the observed data. Such a condition, from the contour differences map (not shown here), occurs especially over high topographic areas. Higher topographic values only occurs over the flat areas or close to the coastal areas. One of the reasons for that condition could be attributed partly to the GTOPO30 having less accuracy, especially over high topographic areas, as the contour interval is sparser from the height above 200 m on the digitizing source map.
The gravitational Effect of Topography
The gravitational effect of the topography data can be commonly determined using three methods (e.g. Omang and Forsberg, 2000) : topography, isostatic, RTM. The distribution of density of each method can be seen in Fig. 4 . The topography method considers the effect of Bouguer plate and terrain effect. In this case, Bouguer plate is assumed as the area around the gravity station which is completely flat and horizontal, with infinite radius, which may be regarded as a circular cylinder of thickness equal to h . Heiskanen and Moritz (1967) wrote the attraction of an infinite Bouguer plate as follows:
In this case, h is height above sea level, G is the constant gravitation and ρ is the density. Further, the terrain effect refines the Bouguer plate attraction by taking into account the deviation of actual topography from the plate. This classical terrain correction given by an integral over the irregularities of the topographic mass body relative to a Bouguer plate passing through the computation point p (Forsberg, 1985) :
where r is the distance and (x, y, z) is the point of integration with the height z. Topographical effect obtained from Topography method is: 
The second of isostatic method, is not like topography method where the topographical masses are completely removed. In the isostatic, the masses are shifted into the interior of the reference field, in this case geoid, in order to make up the mass deficiencies that exist under the continent. Several isostatic models are available, and we chose the Airy-Heiskanen (AH) model, in which the topographic masses are used to fill the roots of the continent. The equilibrium for the continents can be formulated as (Heiskanen and Moritz, 1967) t ρ = hρ.
The compensation height (root) becomes:
where t is root depth, ρ is density contrast between crust and upper mantle, h is height of topography and ρ is standard crust density of 2.67 g/cm 3 . The normal thickness of the earth's crust is denoted by D with a value of around 32 km. The topographical effect computed by isostatic method is (e.g. Bajracharya et al., 2001) :
where A T is effect of topographic masses above the geoid and A C is effect of the compensating masses based on the AH model. These two components of the isostatic topographical effect can be expressed as:
In the last of the RTM model method, the topographic data is divided into two parts: a smooth mean elevation surface and residual elevation surface. The smooth elevation is used to define a reference density model which has crustal density (e.g. 2.67 g/cm3) up to the reference level. The reference surface can be defined corresponding to the global topography to a certain degree and order, but can as well be defined through a suitable filtering of the local terrain heights. The residual terrain is derived by subtracting the reference field from the local terrain. The RTM gravity effect of topography in the approximation is given by an integral of form (Forsberg, 1985) :
The topographic RTM density anomalies will make a balance of positive and negative density anomalies, representing the area where the topography is either above or below the reference topography.
Land Gravity Simulation
The simulation process was done as follows:
where g sim is the simulated gravity anomaly, g EGM96 is the gravity anomaly from EGM96 and g TE is the gravity effect of topography computed using the three methods mentioned above, further called terrain gravity. In this case, the simulated gravity was obtained from the combination of EGM96 and terrain gravity. We know that the data source of the EGM96 is an average mean gravity of interval 30 × 30 and represents a long-wavelength gravity signal. In contrast, GTOPO30 has an interval of 30 × 30 and contains a shortwavelength gravity signal. Hence, the long-wavelength part of simulated gravity is obtained from the EGM96, whereas the short-wavelength part of it is defined from terrain gravity. And it hope that the information contained in GTOPO30 will give additional information to the EGM96 and yield a reasonable simulated gravity data.
Results and Discussion
6.1 Effect of GTOPO30 error and utilized method on the computation of gravitational effect of topography There are two purposes of this section. The first is to estimate the effect of error content on GTOPO30 on various computation methods of gravitational effect of topography. Here, we expect to identify the method in which the GTOPO30 error causes minimum effect. The second purpose is to see or select the method which results in the most reasonable topography effect over the area. For the first purpose, topography, RTM, as well as isostatic method have been applied using GTOPO30 and observed height data over Java and Sumatra, where the amount and distribution of observed data are sufficient for this study. Further the corresponding differences between them were computed. The methods have been computed using the TC program from the GRAVSOFT package (Tscherning et al., 1992) . For the RTM method, a commonly applied 30 × 30 reference grid was first utilized by averaging the 30 ×30 interval height of GTOPO30. The statistics of the differences (gravity effect of topography from GTOPO30 minus gravity effect of topography from observed data) are summarized in Table 2 . From the results in Table 2 , it seems that the GTOPO30 error has minimum effect on the RTM method, as shown by the smallest STD differences value among the three methods. This is understandable since the RTM method uses the averaged height data. Thus the results are less affected by the source height error.
Regarding the second purpose, the gravitational effect of topography obtained by the three methods above using GTOPO30 data was added by EGM96 data and the results were compared with the observed gravity data. The summary of the comparison results is shown in Table 3 . We can see that compared to the observed data, again the RTM method result shows the lowest STD differences among the three methods, suggesting that the RTM method yield a more reasonable results over the areas. The reason could be due to, as mentioned above, the topographic RTM density anomalies are balancing the positive and negative density anomalies in the represented area, where the topography is either above or below the reference topography. It is, therefore, closer to the actual topographic condition of the area than other methods. Accordingly, we utilized the RTM method on the simulation of land gravity data further. Mean value of the topography method is very large compared to others. The explana- tion could be, in this method, the mean value contained also the indirect effect due to an inclusion of the masses within Bouguer plate on the computation.
Simulation of the Indonesian land gravity data
Several parameters influence the results of the RTM computation, including the chosen reference field and the selected density. For this purpose, several reference fields and density values were applied on the computation of gravity effect of topography using the RTM method. Further, the results were compared with the observed gravity data, in which the lowest STD differences show the optimal utilized parameters. The reference parameter was obtained by simply averaging the 30 × 30 GTOPO30 in several levels from 1 × 1 to 1
• × 1 • with intervals of 30 using the tcgrid program from GRAVSOFT packages. The area with no elevation were given value 9999. Figure 5 shows the influence of the utilized reference field to the simulated gravity. As can be seen over Java island as well as Sulawesi island, the lowest STD was obtained from the reference field of 25 , while for Sumatra island it is around a reference of 27.5 . Thus, these suggest that the resolution of the suitable reference field over the Indonesia islands is from 25 to 27.5 .
In addition, several densities were employed on the computation, start from 1.2 gr/cm 3 to 2.8 gr/cm 3 . Figure 6 shows the correlation of the density with STD of the simulated gravity results. It shows that most suitable density was between 2.0 and 2.2 gr/cm 3 , since this range had lower STD differences. Compared to the others, Java Island gave best comparison with higher density than the other islands. The reason for this could be that most of the area is volcanic, which usually has higher density.
Based on the above results, we computed the simulated gravity data using RTM method and employing the optimal parameters. The comparisons with the observed gravity data are shown in Table 4 . From this table we can see that STD difference ranges from 17 to 42 mgal, where the application of optimal parameters decreases the STD differences by about 2 to 3 mgal (compared with Table 3 ). The STD obtained over Java and Sumatra islands are almost the same. The smallest STD over Sumatra is probably due to the large number of the compared points, as well as to the fact that most of the points are located in relatively lower topograpic areas than those on the other islands, as mentioned above. Compared this STD with the STD differences between EGM96 and observed gravity, in Table 5 , there is evident substantial decreasing of STD differences by 2.5 to 7 mgal. A tangible STD decrease again occurs over Java Island, especially over high topographic areas, which is because of additional information obtained from the GTOPO30 data. Moreover, the simulated gravity also show more detailed gravity features than EGM96.
Additionally, the simulated gravity obtained from RTM method was combined with the observed gravity data and gridded together, with the result called combined gravity. It is expected that the observed data values will constrain the simulated data values, thus yielding more reasonable sim- ulated gravity data. The gridding process was done with Bouguer gravity anomaly values using a SURFACE program from the GMT package for practical reasons, especially because it is less time-consuming. Moreover, from the preliminary computation, compared with the collocation method using the GRAVSOFT package, there were not consistent results over our study areas. These results match with the comparison studies done over Australia (Featherstone et al., 2001) . The validation of the combined gravity was controlled by the observed gravity also. For that purpose, 2000 points of observed gravity, called comparison points, were picked up randomly from the available observed data. The rest was combined and gridded with simulated data giving a combined gravity field. This process was done several times, resulting in several pairs of combined gravity and comparison points. All of them were put together and their total STD differences were computed, as shown in Table 6 . Figure 7 shows the comparison of land gravity derived from combined and simulated method. As it already contains the observed gravity data, the combined gravity has substantially lower STD differences and shows more reliable and detailed gravity features compared to the simulated-only gravity (Table 4) , and it will be used for further computation of the Indonesian gravity field determinations over the three islands. Meanwhile Figure 8 shows the Indonesian simulated land gravity which is preferred for the whole of Indonesian application, since it is unrestricted by observed gravity and uniformity.
Conclusions
Using simulation techniques based on a combination of long-wavelength information from EGM96 and gravity effect of topography from GTOPO30 by means of RTM and combination methods, it was shown that unavailability of land gravity data over Indonesian island can be solved in part.
The accuracy of the topographic data, in this case GTOPO30, is needed, since the short-wavelength part of the local gravity is expected to be solved by the information contained in it. Over the Indonesian islands, GTOPO30 is mostly lower than the observed data, especially over high topography areas.
The simulation process using RTM method is influenced by the chosen reference field and density. Over the Indonesia area, the optimal reference field tends to be between 25 and 27.5 , and optimal density ranges from 2.0 to 2.2 gr/cm 3 . The STD differences between the simulation results with the observed gravity data were estimated to be around 17-42 mgal. Compared to the STD differences between EGM96 and observed gravity, it was decreased by 2.5-7 mgal. Moreover, it also models more detailed gravity features.
In addition, the combined gravity has also been derived from a combination of simulated gravity and observed gravity. As this data set already contains the observed gravity data, the combined gravity captures more reliable and detailed gravity features compared to the simulated-only gravity. This study should lead to a better understanding for deriving simulated land gravity data and solving unavailability of land gravity data.
